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In 1934, Gibson, Walker, and Browm developed aeis of four eolored glasa Aliers to serve
a8 working atandardz of apectral tratsitanes for checking the reliability of spectrophotornn-
etern.  Heveral sets of these glogses were measurod carefully and reserved sod dasdgoated
ud future referenca standards. Duplicets standards evaluated by comperizon with the
reference standards are avaflable by purthass o the pablie. The current set of refersnce
standards wan established in the years 1043 to 1047, and one of theso referonce standurds
(peleninm=red) waus recalibrated in 1962, Thiz prper reporte 8 recalibration, made in 1961
and 1962, of all four glesses (eeleniume~red, carbon-yellow, copper-green, tabalt-blue) on three
apestrophotomaters (Cary 14, Beckman hU, Hunig- Martenz). Eoept for the cabalt-blue
standard, the values of spectral transmittance found differ from thase previously sssigned
by amounts differing ot 2ome wavelengths by as muth s or alightly mors than the uncer-

Recalibration of the NBS Glass Standards of Spectral

tainties eetimnatad for the present values, though oot by amounta creecding the combinad

uncertainties of the

res¢ol and pravipu= determinetions, The indiceted chan
three standardn are fairly regular, however, and
earbon-yollow slandurds sre chenging {;h{eﬁy

for these
support the view that the selemum-red and

durd :_;E formation of a redectanne-redusing flm on
the surfeces,  The indicated rate of upward deft is dow, and suggests thet it tales abowt 10
vears for the drift to exceed the Assigned uneertainity.

1. Inkxaduction Taerc 1, Fdentificalion of fhe dg!'aa-sm woed pa raferenoe
At
In 1934, {zibson, Walker, and Brown [1]? de- | 1| Desimetim S ——

scrtbed a et of four solored plass filters which they
had developed to serve as standards of spectral 1| deloium-red______| Jora 00 34 Jenn 06 321
transtnittance to chack the reliahility of spectro- P T — %?;g?*m Caming
photometers. Several sate of these plasses wers BT eltow = HT Tellow C-pd
carefully messured at a nwmber of wavelengths by 3 | Coppergreen__....| Jron P -l Tauw B 110
using mercury, helivm and incandescent sources + | Cotrdvbine........| Comimp Cornin
and wers reserved and designated as future reference G e R
ptandsrds. Ih:g]imte standards eveloaied by com-

parison with the reference standards were made
available to the public by purchase. Although
nearly nopselective filters are best suited to the
detection of errors in the phobtometric scale, the
filtara chosen have spectral transmittances that vary
markedly with wavelength and thus permit detec-
tion of slit-width errors and stray-energy errors &s
well ag photometric-seale errors; thus & single selen-
tive filter may afford checks of the photometric
scale over & lerpe frection of the whols scale 12, 3]
Table 1 identifies the glasses that have served as
reference standards, and figure 1 shows the approxi-
mete spectral transinittances of these filters,. The
reporta izsued with the sets of duplicate standards
gave the pasigned values of transmittance st about
20 wovelengthe between 330 and 750 nin * together
with the estimated uncertainties apd the temperature
goefficients.

: LAT a‘l:g’dmd Tagion of Lhis papes w10 apgeesr o tbe F, Opl, Bod, Aok £
BICArF .
! Figuree 1n brackets mdicate the Hterslures relareness 6t the and of ik pagpar
i Nenomaters, 10" metera, formerly celled milllmicrons.
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Frausee 1. Typical spectrol (ronsmilfence curves of

fqloss
duplicale Handards feued by the NBY for checking ths
reliabifity of spectrophotometers,

‘The oar types are: 1, Salsnlom-red, 2, Corbom-geilow, 3, Coppert-grett, pud
L Cobalt-hlos,
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Tanre 2.

Fotimated uncerieinty in the value of gqbsorbance, 1U,, ond tha chenge @, in oheorbance for lemperature
JFor the selected wovelengthe for fncandescent (Fne ) end ine (Hg and He) gourees wsed for the Fanr reference
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TABLE 3, FPrageusly adopted valve of iraramelionce, T, and eefimated uncertmindy s tha values of fransmilionce, U, of (he respeching
wavelenpihr for the four reference sfandords
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Tabla 2 gives for sach wavelength the light soures
nzed and the estimated uncertaintics and a multiple
the tempersture coefficients of the reference
standarde expressed on the absorbance scale. Ah-
sorbanes is defined as the logarithin of the reciprocal
of the internal transmittance T, Since internsl
transmittance for these glasses is closely equal to
iranemittance T multiplied by & constant (about
1/0.9) to correct for reflection losses [8], differences
in sbaorbance are closely equsl to differences in the
logarithm of the reciproczl of transmittance T un-

cotrected for reflection losses. Aeccordingly the
uncertaintiea U, in absorbanca entered in {able 2
are computed from the uneertsinties £F in trans-
rittance as;

i,= ﬂﬂgm (F+In “'I':'Em (F—1In)f2

Similarly, the temperature coefficients & of ab-
sorbance are computed from tha relation:

—logy, To=—log, T+ BE(F—25).
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. transmittence chanpe

where # iz the temperature of the glass in degress (),
b is the thickness of the glass in mm, and fll::tﬁng -
is the ahsorbance messurement made st 25 “C.
The temperatore coeflicient § is thus the change in
—logy T (closely equal to the chnnst;ie- in —log,T)
for a temperature change of 1 °C, and o thickness of
1 mumn. e plags reference standards are messured
st 25 °C and are uzed over & temperatute range of
+£15 *C. For convenlence, hecanae the temparature
coefficient is relatively small compared with the valus
of absorbanee, & quantity d equal to 15 tines the
temperature coefficiant 13 used to designate the
change in absorbance for a temperature change of
15 “S, as follows:

—log. To=—logy T+ bd{p—26}/15.

This relationship is coosidersd valid for valucs of
# betwean ( wnd 50 *C.

The current set of reference standards was mess-
ured in the vears 1945 to 1847, A detailad snalysia
of the data obtained for ona of the reference standarde

cobalt-blue, Corning G 55A 8% was published by
ihaon and Balcom [4] in 1947, The uncertainties,
U, ware estimeted a= the hugs error (4.9 times the
robable error) of the mean values of transmittance.
n 1850, Gibson snd Belknap [5] published & study
gﬁ the permanencs c:i' sﬁmplﬁil of bf e gﬂlm-yeuﬂw,

e copper-green, and the cobalt-hlue Bx
under c]fenr glass to south skylight amd s_]unligﬁt for
periods up to three years. pressed in terms of
AT, thesa samples were
found to change but slightly, excepting only the
cnpgr—greeu glasa beiow 600 nm, where there appears
to g definite solarization effect.

Ng such study was made for ordinary use of these
glasses in the laboratory. It was assumed that if the
glesses would change only slowly with extensivae
Ep-nsum_ t.a‘ﬁaunli ht under glass, t]?ejr d't!.rnu.ld not

enge sgnificantly i many vears of ordinary nse.
A reggtarminat.ion of the aspectral transmittanca of
the curremnt reference standard for selenium-red
glass was carried out in 1952 and resulted in slight
changes in the assigned walues, but it could not be
determined with certainty that the irapsmittance
ha];il changed. The 1946 and 1652 data are 2iven in
tabla 3.

Meoanwhile, interest in the duplicate standards was

" increasing. Table 4 shows the number of duplicate

. gtandarde of esch typ

ase 1seued in the years
19471962,

e of
1033-1642 10431946, an

TAELE 4. Numbers of duplicale slendorde Jemued

Callleation of dn:pllcata! Hale- Car- | Copper-| Clobedt-
Yeere | séamdtards in charge of: | ninm- Tan- 15 Blus | Tatal
Ted Fallowr

-2 | Eiatal K, Boown and
Oaralding ¥W. ITappt ¥ bl by 1R o

6431948 | Margaoet M, kepm
il Lals A. Fedorgom { 1] 7 18 g
LHT-1942 | Marigon A. Belkoofi.... bl 16l 113 b1 355
Totals. e e br) 17 L3k 1= iT8

A set of thess glaes standards, issued in 1955
to the Frankford Arsenal, was submitted in October
1961 for recalibratiom. A routine eomparison of
them with the same reference standards used in
the original ealibration showed that the trane-
mittances for each of the four glasses bore a signif-
icantly differsnt relation to the correspondin
reference standard than in 1958, I was preewmne
that thiz chanped relation referred primarily to the
duplicate standards, whose uses snd possible exposure
to radiant energy at the Frankford Arsenal wrera
unspecified, rather than to the reference standards
known to be irradiated only by incandescent-lamnp
licht for ahort periods of time at mnfrequent intervals;
and this presumption was subsequently proved to
be correct. Nevertholess, check datse obtained in
1952, 1953, 1959, and 1964 for the reference standards
were reviewsd. Although oo single aet of data
provad that any of the reference standards had
certainly changed, all four sets of data considered
together showed some evidence of a slow continyin
deift in spectral transmittance of the selenium-red,
the carbon-yellow and the copper-green Teference
standards. The cobalt-blun glass alons showed no
change in epectral transmittence. An axtensive
recalibration of all four reference standards was
then undertaken. Tt is the purpose of the present
paper to describe this recalibration, and to dizcuss
ite results,

2. Method of Spectrophotometry

The recalibration of the four reference standards
of apectral transmittence was carried out by means
of the Cu.B' 14 recording spectrophotometor, the
Beckman DU manusl spectrophotometer [6], and
the Konig-Martens visusl spectrophotometer [7].
Table 5 lista the spectrophotometers used In the
several calibrations of reference standard= of spectral
transmnittanee. The procedural deteils of the present
recalibration ara given below,

2.1. Cary Recording Spectrophotomstar

Two sets of measyrements of each of the four
relerance standsrds of spectral transmittance were
made on the Cary recording iﬁhutuelecmﬁ apectro-
photometer (Mode! 144, Serial No. 173) by mesns
of the absorbanca (—]ogfi"} scale. At the same time
messgyrements were mede of & clear borosilicate
erown glass, 1.0 mm thiek, of known index of re-
fraction snd Abbe wvalue (rp=1.517, r=64.6).1
Thie mdex and Abbe walue ara the same as those
found for the boroeilicate crown plass, 1.0 imm thick,
whose spectral transmittences were known {rom a
previous study [8]. These known spectral trans-
mittances were used as s photometric-zcale corree-
ticn for trensmitiebces of the reference standards
greater than 40 percent. For each wavelength the
ratio B of the reference-atundard trensmittance to

4 of nde of k=

i Wa arg Indebited to Irviog Moliaan for these
ractiom and Abbe vnlow
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Tabre 5 8 opholometers wied it fhe several calibrafions
af teference gondarde of speciral fronrmilionce

B pett Pl st Tt of culibeatiion

o| VERAHLEAD  OM-I0R0 1051000 1860-
L1000 1201800

Eitmnig-MAnens YIEAT .. ceer eemee e e
l]w phiotoalestrin and thesvoelse

'Hi]na'lr phbngraD i seclor-photorleber_

1830 164k
Beckmen DT photoebeateis (' Bg-171 - 1860-1890  1890-
Beckmen DT phatoslectrsa { B2} 1B40-1050
Cory 1AM recording phitoalecire _____ 1860

thet of the borosilicate crown glazs was computed
from the absorbance readings. e value T of the
transmittence of tha reference atandard was gom-

puted as:
D=y,

whora T i8 the known speciral transmittance of
the borosilicate crown glasa {8]. For T, less then
40 Lﬂeﬂcentr the value corresponding to the reading
of absorbancs scale waa accepted withont correc-
tion. The wavelength ealibration of the instrument
wad coried out as described by Keepan, Schleter,
and Judd [¢]. All mnessurements refar to the =peci-
men it 35 “C.

2.2. Beckman DU Spectrophotometer

The apectral transmittances of the refarence
atandards were measured on the Becliman DT
{*BQ-1"} spectrophotometer with incandeseent source
after calibration of wavelenpth scele st emission lines
of mercury, heliumn, hydrogen, neon, and cesium.
Frequent checks of the wavelength calibration were

by meane of the mercury line at H406.1 nm,.
Each standard was measured in two positions in the
sample holder for each set of readinga. The holder
was positioned 80 a8 to place the standard near the
axit elit and awsy from tha phototube. As recom-
mended by Gibzon and Balcom [4], the measurements
were Inade with no lens over the exit slit. The
spactral transmittencs of each standard was meas
ured 8t selected wavelengths by ratic to & blank
boam set to 100 parcant tranamittance as a reference.
The shift from the hlue-sensitive to rod-sonsitive
phototube wae made at 820 nm. The sclector awitch
wag shifted to (.1 for trenemittance readings helow
10 percent to give ‘‘times-10" readings at narrowar
slitwidths. A purple stray-energy filter was used
for ¥ messurements taken at 390 nm. The sample
compartment wes sgrrounded by a water jacket
maintained at 25 °C hy & constant-tempersture
water bath. The numbere of sets of readings made
oa the reference standards are as followa:

Zalenium-red Curbon- Copper- Clobalt-
yelow £raen blua
Below Aboye Full Full Tull
ﬁ[&l:igm IEII:!I]u:u.l.'r:L3 spgnt.ra apgctm sp;etra.

The extra set of readings above 600 nn for the sela-

ninm-red standard was obiained by ratio of readings
for the standard to those for a elear glass (Corning

G7007.
2.3, Kbnig-Martens Spactrophoiometar

The spectral transmittances of the four reference
standards were measursd on the Eanig-MMartens
vizual spectrophotometer [7] by using emission lines
of u mercury source and & helium source and, at
apma wavelengthe, by uszing en incandescent source.
As explained on pages 464466 of reference [5], 1t
was early found adw=akle, because of the low lumi-
nozities of the He and He sgurces at 471.3, 401.6,
667.5, and 706.5 nm, to use the incundescent source
at these wavelength settings, snd this has been done
in all luter work on the Konig-Martens visual
spactrophotometer. However, for the present steand-
erdization of the NBS reisrence siandsrds, Ineasure-
ments were made with both incandescent and line
sources at these four wavelengthe. The wavelength
seale was cheacked by metkings on certain of the mer-
cury and halium lines cach time the instrument was
used and cach time the width of the ccular slit was
changed. The widths of the collimator and ocular
slitz werw 0.2 mm for the readings taken by means of
the incandescent goures, and were varied from 0.2 to
04, or 0.5 mm for tha line sources. Aeccurately
eulihrated sector disks (trapsmitbances approximate-
Iy 1, 10, 50, and 60 percent) were nsed for measure-
ment of low transmittances or for transmittances
near o thoss of the sectore to increase the accuracy
of the readings. Stray-enersy filters were used at
wavelengths near the two ends of the visible spectrum
and at wavelengths of low transmittance. Each set
of readings consisted of 20 readings of angle on the
Martena photometer; first, 10 for the siandard in-
serted in ono beain, and second, 10 for it in the other
beaw. The iransmittance was computed as the
cotangent of the first angle multiplied by the tangent
of the second. At least two sets of readings wers
taken for ench standard at each selected wavelength
between 404.7 and 680 om snd & few additional
roadings between 660 and 706.5 nm because of the
added unceriainty of the settings in this region of
low lominosity. All readings were made with the
gtandards in & holder meainteined st 25° C by
means of a constant-temperature water bath.

3. Reduction of Data ond Estimates of
Uncertainty

The spectral transmittances assigned to the refer-
ence standards are weighted means of the trana-
mittanees  found  individually by the three
spectrophotometers used. The weights assignod to
the individual values of transmittanee for s particular
standerd at s particolar wavclength were based on
the known relative capabilities of the three instru-
ments. For example, the vulues obtained by means
of the Kdnig-Martens visual spectroplictometer in
spectral n= yielding observing fielde of low
luminance Esuch a5 near the extremea of the visible
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spectrum) were riven less weight becavze of the
resulting unreliability of the visual settings. On
the other hand wvalues of spectial iransinittance
obtained by means of an emission line in & spestral
region of rupid varistion of tranamittance with
wwelanglt;g wera given more weight.

In tablea 6, 7, 8, and 9, are given for each of the
four reference standards and for each of the three
ingtruments st the reapeciive wavelengtha, the
average value of the transmitiance so messured, the
nseigned wei.%f\t., the range in transmittance, the
adopted weighted mean, and the estimated uncer-
tainty in the value of transmitiance.

The year or yeara of messurement on the indicated
apectrophotoineters are shown in the pearenthesis
under the name of the iostrument. The uncertamty

of tha assigned value of transmittance at & particular
wavelen was made the eame se that aszsigned
previpusly {see iable 3}; with excepfional cases
where it was agreed that a change was necessary.
In theae cages the uncertainty was estiruated from
ithe range of the individual values obtained on the
three instruments averaged over a spectral mginn
varighle in extant from O to 50 nm and centered on
that wavelength. Some smootling of thess valpes
was resorted to whenever no reason was apparent
for & rapid change in uncertainty with wavelength.
In no case was the uncertainty allowed to be less
than one-half the range of the spectrophotomeiric
data. These ranges correspond roughly to estimates
of three times the standard deviation of the adopted
value [10].

Tasrz 8.  Spectrol (ranamillonce, T, of selentumered reference standard Send OF §—21, LY mm, oo mectursd on indicoled s%m

phatometers; daeipned weight, W, range, R, ado

ireigkied mean, and eximoded wncerioindy of eofue of lronamzliance,

Adupted | Hall-
Wave. | KbalgMarins | Beokmen DU Cary Model [4 | Roe fwelghied | smped
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Tape T,  Spectral tranemiltance, T, of carboi-gellow reference slendards Corning HT gellow C14, 2.0 mm, a2 meqoyred on iRdi-
eafed gpecirophoforsters; assigned welght, W, range, B, adoptod weiphied mean and refimaded unceriointy of tranertittance, T
Adopted (| Estl
Wave. Ednle-Marteng Dagkran T Cary Madel 4 | 1anga | welghbsd | Dustsd
JeMeLh (Lpaz" B —1092) 1082 MAan | et
talaty
A i B T W T W T L Fid I ir
) o 5 0.6 5 00 D026 [ 0 O0F
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&3 -] : . 4 i F L ] T
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TartB 8. Spectral lrosamitionde, T, of eopper-greeh reference standard Sene B 1418, 8.0 mtn, o8 stearered on tndicafed spectro-
1pht o{?, range, K, adepted weighted mean, and eatimated wncertaidy of franemittance, U

photometers; arapmed weight,

Adm E8ll-
Wave- EtnlgMartens Eeckman D11 Cary Model 1¢ | Heoge | wed madad
[ LA = ocl b L6z} (18821 mean JITIE o
talnty
i nm T W Lid T W g T i
F-1" T A F— i Bdd B 0. 584 4 D, Con2 0. B85 1. 003
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L ) ] 364 ! , 362 ] 01 5 G
-] . 358 k| . 28T L . 8 ] . 001 . 28 N
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BT B 12 k| L 183 3 12 i .00l 128 ol
i 7B I B & G 4 « g . NG « 00
T . 08T -3 6T 13 0] 6T =]

* Dota of measurement.

Taprx 9. Speciral tranamitience, T, of coball-blte reference slundord Corning O 55 AP, 8.0 mm, oo mearured on éndicated
! pled weighled mean, and eeffmeted vncerbamty of ironemilionce, T

#pecirophlomelers; azrigned weight, W, range, R, ade

Adoptad [ Esth
W are- Kinlg-Martant | Hedkman L Gary Mmilel 14+ | Hange |welghted | mated
haogth (1882)" CIGZ)" [§a: 8RN TLIMNT -
amty
A in nm T L8 T W T W B T 14
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) (514 4 508 ki | 0519 ) 0 il T
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] ] L L0072 i fiin ] 00 N ]
4 ALt L] + Rt | k| Ll 3 ML Dz ]
i, L] TS L] D8 | Ml F . 00GR - 076 - M
BT Y 32 + .04z 4 [ F 00T N ] LT
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TH) .00 7 ] 4 .07 0 L0
= Dats of medxuremeant.

In table 10 the change in transmittance between the
present value and the prmoua}v adopted value of
spectral tranamittence ia piven for each of the four
reference standards at the respective wa ths.

Figures 2, 3, 4, and 5 show as circles these differ-
ences in spectral transmittance sasipned by the
presemt recalibration snd that assigned by the

pravicus calibration for the selenium-red, the carbon-
yellow, the copper-green, and the cobalt-blue atan-
dards. They also show aa broken lines centered
about the abacissa the estimates of the wncertainties
of the wvalues of spectral transmittance resulting
from the present recalibration.
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TasLe 10. Chonge n spectral {ronesitfance, AT, for the
Jour referenca sionderds petween the present adepied weighied
mean and ke previonaly adepfed values
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4, Iisoussion

It will be noted from figurs 2 that three of the
ten newly assipned values of epectral transmitiance
for tha selenium-red reference standard differ from
the previcus assigned values by amounts apEm&ch—
my the estimated uncertainty. DBecause the pre-
viovaly assigned values are uncertain by about tho
ssme amount, thiz recalibration by itself fails to
prove that the selenium-red standard has changed
ginca 1952. The results of the two spectrophoto-
meters (Kénig-Martens and Beckman DU “Efth”}
common to the 1#52 determination and the prasent
determination, however, both indicate that a change
has cecwred. Furthermore, comparison of the
1947 with the 1852 determinetion shows similar
changes. It seems likely that indications of in-
creages in transmattance between 620 and 750 nm
correapond  to formation of s reflectance-reduei
film on the surfaces. Several of the duglicateaull:ﬁ
this reference standard show visible evidence of
soch filma. The decresses in trensmittance in-
dicated near the cut-off oi the tranamittance curve
may not be real.  {(See fig. 2, wavelengths 570 and
5876 nm). In any case, there is no established
causa for such a change.

Figure 3 gives an indication of formation of s
reflectance-reducing film on the surfaces of the
carbon-yellow reference standard similar to that by
fgure 2 for the selenium-red standard. Note that

e indieated discrepanties between the present and
the previous assignments of spectral transmittance
are roughly proportional to the spectral transmit-
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D 88 clrobes) Derween apactral iTansmittanees amipned o
19 and In Hk compered to estimates (fhown &8 beolen 10es) of the nncertimty

tances themselves, (sce fig. 1), as would ba expectad
from the formation of & reflectance-reducing film.

e 4 indicates some incresses (300, 405
500620 nm} and some decrcases (434, 471 nm in
pssigned values of spectral transmittance. This
indicated pattern ie not cousistent with the hy-

thesis that a reflectance-reducing film hes been
orming on the copper-green roference stendard.
If the indicated chapges are real, and this has not
baen proved, they must be gscribed to & cause
other than film formution (such us 4 slow chemical
change in the glass), or 8 combination of film
formation with other cauﬂa or causes unknown,
F ure 5 gives no plausible suggestion that the
t-blue reference standard & changing even
slow];j' In table 10 the indicated changes are
either small compared to the estimated uncertainty
of ﬂ]ﬁ prezent determinations, or irregular.

o summary, it may be stated that three of the
reference standards of speetral transmittance are
probebly subject to a slight impermanence, the
maximum changes in a 10-year period being of the

order of magnitude of the wncertainties i their
calibration. Owners of duplicuts stendards mtr
subiected to unususlly severs usage {exgoa
high-snergy particles, ulteaviolst ene izh t.em-
peritures, or cheimical fwines) may fin in figures 2
ha rrnmna,hly valid basis for revising the sdoptad
tranamittence for their duplicats standards. In the
abgzence of information to the contrary, the chn eg
may be assumed as a firsk nppmmm&tmn
proporticnal with time, and the time for re-centfljr
1ssued duplicates (1952 to 1961) should be counted
from 1952 for the selenium-red standards, and from
1946 jor the carbon-yellow, the copper-green, and
the eobalt-blue standards.
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